Abstract This work aims at improving our understanding of the effect of triaxial stress on absolute permeability of homogeneous and heterogeneous rocks. Measurements of absolute permeabilities of homogenous and heterogeneous laminated rock samples under hydrostatic and different laboratory-simulated triaxial in situ stress loadings were prepared. Experiments were conducted using homogenous, standard Berea and heterogeneous laminated sandstone cores (with lamination parallel to the flow direction). The effect of in situ stress variation on absolute permeability was investigated. Absolute permeability of homogenous sandstones sample decreased in a uniform manner as the axial load increased below the ultimate shear strength. As axial stress exceeds the radial confining stress, slight increase attributed to microcracks opening was noticed. For laminated sandstones, the scenario is quite different. Permeability shows exactly a similar trend of permeability drop as axial load increases due to inferred matrix compaction. At certain axial load, the permeability starts to increase due to inferred dilatancy of microcracks at the lamina faces and then drops again as axial load increases due to lamina compaction. If the axial load is further increased, pore collapses and grain-to-grain cementing breaks down into pore space followed by microcracks development predominantly parallel to the axial load leading to permeability enhancement. It has been concluded that absolute permeability changes due to lamination opening and closure as a result of loading magnitude and orientation. It is also concluded that permeability of the formation rock is affected by heterogeneity depending on the direction of lamination as well as the state of the stresses applied and loading type.
Introduction
Many studies to investigate the effect of in situ stresses on absolute permeability at hydrostatic as well as triaxial stress state have been discussed in the literature (Fatt and davis 1952; Mc Latchie et al.1958; Knutson and Bohor 1962; Al-Quraishi and Colin 2003; Belhaj et al. 2004; Dobrynin 1962; Gray et al. 1963; Holt 1990; Jones et al. 2001; Keaney et al. 1998; Lockner et al. 1995; Morita et al. 1984; Putra et al. 2003; Teufel et al. 1993; Wilhelmi and Somerton 1967) . The purpose of this study is to investigate the effect of triaxial in situ stress conditions on singlephase (absolute) permeability of laminated rock samples with lamination being parallel to the flow direction heterogeneity.
Absolute permeability is the rock ability to transmit fluid at 100 % saturation with that fluid and is mathematically expressed by Darcy's equation for single-phase flow through porous medium:
where q i = fluid flow, cc/sec; A = cross-sectional area, cm 2 ; l = fluid viscosity, cp;
x direction, atm/cm; q = fluid density, gm/cc; g = acceleration of gravity, cm/sec 2 ; k = porous medium permeability, Darcy; h = angle-measured counter-clockwise from horizontal to the direction of flow.
Permeability is a function of many factors, among these factors and by far the most effective is the confining pressure.
Rock failure criteria
Non-elastic failure of test rock samples due to triaxial loading may occur if the ultimate strength is exceeded. Therefore, failure criteria must be determined for each type of rocks before testing. The strength of samples has bed tested and calculated using the Mohr-Coulomb rock failure criterion as follows:
where s f = the ultimate shear strength at failure; s o = the apparent cohesive strength; r = the applied normal stress; / = the angle of internal friction.
Axial stress at failure and confining pressure values obtained from the triaxial compression tests are used to plot Mohr-Coulomb circles, Fig. 1 . Due to the limited number of samples, more conservative failure criterion was determined by conducting at least two unconfined compressive strength (r c ) tests for each set of cores. The measured unconfined compressive strength was then substituted in the generalized relationship governing average unconfined compressive strength and the apparent cohesive strength (s o ) to calculate sample apparent cohesion as follows (AlAwad (2002)):
Knowing rock unconfined compressive strength (r c ) and apparent cohesion (s o ), angle of internal friction (/), required to complete the definition of the failure criterion for the tested rocks, can be calculated using the following well-known one:
Materials, setup and preparatory measurements
The heterogeneous samples were specially ordered from an outcrop rock samples provider. The homogenous samples were standard Berea rock samples. All rock samples used in the experiments are 1.5 inches in diameter and 3 inch long. The heterogeneous samples were cut from 2-ft long samples characterized with structured heterogeneities in the form of zero dip microscale lamination parallel to the flow direction. Core samples were first fired gradually to 800°F to stabilize any clay minerals that may present within. Samples were then weighed dry and placed in a closed desiccator connected to vacuum pump. Evacuation was started, and when proper vacuum was reached, water was let in to saturate the samples under vacuum. To ensure full saturation, wet rock samples were placed on a pressure autosaturator where they were fully saturated overnight at 2500 psi pressure. Wet weight was then measured, and weight difference and water density were used to measure the samples porosities. Samples porosity values were corrected by considering the pore volume reduction due to stresses applied. Figure2 shows a schematic of the experimental setup. Details of the material preparation and setup were presented in another publication concerned with relative permeabilities (Al-Quraishi et al. (2010) ).
Results
The absolute permeabilities parallel to the long axis of the rock samples and the fore set lamination for heterogeneous samples were measured using gas permeameter and corrected to liquid permeabilities at 400 psi hydrostatic confining pressure. Saturated rock samples under investigation were then loaded in the triaxial core holder with end platens hand-pressed against the sample ends. Low radial load was then applied to hold the sample and portion of the end platens within the sleeve. The core holder assembly was then placed in the loading frame, and hydrostatic axial and radial stresses of 400 psi were applied. Absolute permeability was measured at that hydrostatic condition to double-check the measurement made with the gas permeameter. Good agreement was found between the two measurements (Fig. 3) . Table 1 lists the mechanical properties of the tested rock samples using typical plot of the relationship between axial load at failure and confining pressure using Mohr-Coulomb failure criteria. Accordingly, triaxial loadings used in this study were selected based on measured failure criteria shown in Fig. 1 . Table 2 lists the samples physical properties of porosity at atmospheric condition and permeability at hydrostatic confining pressure of 400 psi. While flowing through the sample, radial and axial stresses were ramped up slowly to the predetermined experimental values. At the experimental in situ stress condition, pressure drop across the core sample was recorded at different flow rates and absolute permeability was measured.
To study and compare the effect of triaxial stress conditions on absolute permeability of homogenous and heterogeneous laminated samples, two laminated samples (B and D) and one homogenous sample (Berea) were used. The saturated samples were stressed hydrostatically at 580 psi, and permeability was measured at that stress state. Confining stress was increased to 4000 psi and axial stress was kept at 580 psi and permeability was measured at that Fig. 3 Relationship between axial stress at failure and confining stress for samples used triaxial stress state. Axial stress was ramped up in increments up to 5740 psi, and permeability was measured at each triaxial stress condition. Table 3 lists the experiments conducted and their corresponding in situ stress conditions. Series of tests were conducted on three samples: two different laminated samples (samples B and D) and one homogeneous sandstone sample (Berea). Permeability of the chosen samples was measured under triaxial loading conditions at constant confining stress of 4000 psi. Axial stress was increased and chosen to be below and above the confining radial load but well below the compressive strengths of the rock samples. Samples permeabilities at 580 psi hydrostatic pressure were measured, and each was used as a base value to normalize the permeability values measured. Figures 4, 5 and 6 are plots of the normalized permeability versus the axial applied stress for the Berea, B1 and D1 rock samples, respectively. Figure 4 indicates that absolute permeability of homogenous Berea sample decreased in a uniform manner as the axial load increased. This is attributed to the rock experiencing compaction involving elastic closure of existing microcracks and grain boundaries favorably oriented at high angle to axial stress at early stage of loading (near-elastic domain) or due to cementing material detachment announcing pour collapse at late stage of loading (inelastic domain). The trend of decrease is similar to that expected at hydrostatic loading as long as the shear stress is well below yielding (Holt 2001) . As axial stress exceeds the radial confining stress of 4000 psi, slight increase was noticed and this can be attributed to microcracks opening. The point of trend reversal corresponds to the onset of dilatancy at which the rate of crack growth dominates over compaction. It should be realized that the degree of permeability drop depends also on the initial permeability value. Highly permeable rocks are expected to be highly affected by axial loading compared to lower permeability ones (Ayan et al. 1994) . For laminated sandstones, the scenario is quite different. Figures 5 and 6 are the normalized permeability-axial stress relationships for the two laminated samples B1 and D1, respectively. The figures show exactly a similar trend of permeability drop as axial load increases which can be attributed to inferred matrix compaction. At certain axial load, the permeability starts to increase due to inferred dilatancy of microcracks at the lamina faces then drops again as axial load continues to increase probably due to lamina compaction at the inlet and outlet ends of the core sample. If the axial load is further increased pore collapse and grain to grain cementing material break down into pore space will take place followed by microcracks development predominantly parallel to the axial load leading to permeability enhancement.
Ranges of Stress Loads Applied

Conclusions
Based on the experimental testing performed in this study, the following is concluded:
1. Laboratory-measured permeabilities are significantly different for homogeneous and heterogeneous rocks. 2. The trend of absolute permeability for heterogeneous rocks is highly dependent on the stress loading type during laboratory experiments. 3. Homogeneous rocks permeability is less sensitive to the type of stress loading during laboratory measurements. 4. The effect of lamination parallel to fluid flow direction on reservoir rocks is shown as dynamic crucial changes to the absolute permeability. 
